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ABS1 H A C 1  

l h e  I s o t h e r m a l  and thermomechanical  f a t i g u e  (TMF) 
c r a c k  i n i t i a t i o n  response o f  a h y p o t h e t i c a l  m a t e r i a l  

2 was ana lyzed.  Expected thermomechanical  behav io r  was 
eva lua ted  n u m e r i c a l l y  based on s imp le ,  i s o t h e r m a l ,  

L: c y c l i c  s t r e s s - s t r a i n  - t i m e  c h a r a c t e r i s t i c s  and on 
s t r a i n r a n g e  versus  c y c l i c  l i f e  r e l a t i o n s  t h a t  have been 
ass igned t o  t h e  m a t e r i a l .  

In 

l h e  a t t e m p t  was made t o  e s t a b l i s h  b a s i c  minimum 
requ i remen ts  f o r  t h e  development o f  a p h y s i c a l l y  accu- 
r a t e  1MF l i f e - p r e d i c t i o n  model. A wor thy  method must 
be a b l e  t o  d e a l  w i t h  t h e  s i m p l e s t  o f  c o n d i t i o n s :  t h a t  
i s ,  t hose  f o r  wh ich  the rma l  c y c l i n g ,  pe r  se, i n t roduces  
no damage mechanisms o t h e r  than  those  found i n  i s o t h e r -  
mal b e h a v i o r .  Under these assumed c o n d i t i o n s ,  t h e  1 M F  
l i f e  shou ld  be ob ta ined  u n i q u e l y  f r o m  known i so the rma l  
b e h a v i o r .  The r a m i f i c a t i o n s  o f  making more complex 
assumptions w i l l  be d e a l t  w i t h  i n  f u t u r e  s t u d i e s .  

A l though  ana lyses  a r e  o n l y  i n  t h e i r  e a r l y  stages, 
c o n s i d e r a b l e  i n s i g h t  has been ga ined i n  unders tand ing  
t h e  c h a r a c t e r i s t i c s  o f  s e v e r a l  e x i s t i n g  h igh - tempera tu re  
l i f e - p r e d i c t i o n  methods. The p resen t  work i n d i c a t e s  
t h a t  t h e  most v i a b l e  damage parameter i s  based on the 
i n e l a s t i c  s t r a i  nrange. 

I N l H O D U C l  I O N  

Thermomechanical f a t i g u e  (TMF) l i f e  p r e d i c t i o n s  
a r e  o f t e n  made on t h e  b a s i s  o f  e s t a b l i s h e d ,  i so the rma l  
f a t i g u e  behav io r  (1). St rong  economic and eng ineer ing  
reasons e x i s t  f o r  c o n t i n u i n g  t o  r e l y  on t h e  vas t  quan- 
t i t y  o f  e x i s t i n g ,  i s o t h e r m a l  m a t e r i a l  c h a r a c t e r i z a t i o n s  
f o r  l i f e - p r e d i c t i o n  d a t a  bases. However, r e c o g n i t i o n  
of  t h e  Inadequacy o f  u s i n g  i s o t h e r m a l  behav io r  t o  pre- 
d i c t  t h e  TMF l i f e  o f  c e r t a i n  c lasses  o f  m a t e r i a l s  has 
been i n c r e a s i n g .  

Accuracy o i  TMF p r e d i c t t o r i s  genera::j; t j  a c k i i w -  
edged t o  be poore r  than  t h a t  o f  co r respond ing  i s o t h e r -  
mal l i f e  p r e d i c t i o n s .  The p r i m a r y  d e f i c i e n c y  l i e s  i n  

t h e  s imp le  f a c t  t h a t  i s o t h e r m a l  m a t e r i a l  c h a r a c t e r i z a -  
t i o n  can never  c a p t u r e  those  micromechanisms wh ich  
appear o n l y  under t h e r m a l - c y c l i n g  c o n d i t i o n s .  

For  example, a l l o y s  w i t h  s t r e n g t h e n i n g  p r e c i p i t a t e s  
can exper ience  an a d d i t i o n a l ,  l o c a l i z e d  component o f  
c y c l i c  s t r a i n  d u r i n g  the rma l  c y c l i n g  because o f  t h e  
d i f f e r e n t i a l  t he rma l  expans ion  between t h e  p r e c i p i t a t e  
and t h e  m a t r i x  me ta l ;  such an a d d i t i o n a l  s t r a i n  would 
n o t  be p r e s e n t  d u r i n g  i s o t h e r m a l  c y c l i n g .  Impos ing  
i d e n t i c a l ,  g l o b a l  mechan ica l  s t r a i n  d u r i n g  b o t h  t ypes  
o f  c y c l i n g  would n o t  p roduce t h e  same l o c a l  s t r a i n ,  and 
hence t h e  t e s t  w t t h  t h e  h i g h e s t  l o c a l  s t r a i n  would 
l i k e l y  have t h e  s h o r t e s t  l i f e  (1 .e . .  t h e  t h e r m a l - c y c l i n g  
t e s t ) .  Numerous o t h e r  micromechanisms o f  c y c l i c  d e f o r -  
ma t ion  may a l s o  be p r e s e n t  depending on t h e  m a t e r i a l  
and i t s  de fo rma t ion  mechanisms and on t h e  c i rcumstances  
i n  a t h e r m a l - c y c l i n g  t e s t .  

The o v e r a l l  purpose o f  t h i s  s tudy  I s  t o  i d e n t i f y  
and q u a n t i f y  as many o f  t h e s e  mechan is t i c  d i f f e r e n c e s  
as p o s s i b l e  and thus  deve lop  a more r a t i o n a l  and accu- 
r a t e  TMF l i f e - p r e d i c t i o n  methodology. 

T h i s  r e p o r t  i s  l i m i t e d  t o  examin ing  a few o f  t h e  
s i m p l e r  i s o t h e r m a l  l i f e - p r e d i c t i o n  models and t o  e x p l o r -  
i n g  t h e  l o g i c a l  i m p l i c a t i o n s  o f  a p p l y i n g  these  methods 
t o  TMF p rob lems.  For t h e  p r e s e n t ,  t h e  s tudy  i s  ana- 
l y t i c  and avo ids  t h e  u n c e r t a i n t i e s  t h a t  t end  t o  con fuse  
exper imen ta l  comparisons o f  i s o t h e r m a l  and TMF behav io r .  
'lo keep t h e  i n i t i a l  s tudy  as b a s i c  as p o s s i b l e ,  o n l y  
t h e  s i m p l e s t  o f  p o s s i b l e  assumptions a r e  made. I t  i s  
assumed, f o r  example, t h a t  t h e  a l l o y  and i t s  e n v i r o n -  
ment a r e  such t h a t  no t h e r m a l - c y c l i n g  mechanisms o t h e r  
t h a n  those  encountered  i n  i s o t h e r m a l  c y c l i n g  a r e  p res -  
e n t .  I n  f a c t ,  o n l y  one i s o t h e r m a l ,  i n e l a s t i c  damage 
mechanism (e.9. .  t o - a n d - f r o  c r y s t a l l o g r a p h i c  s l i p )  i s  
assumed t o  be p r e s e n t .  To-and- f ro  c r y s t a l l o g r a p h i c  
s l i p  i s  t h e  s i m p l e s t  o f  a l l  c o n d i t i o n s  t o  c o n s i d e r  and, 
consequent ly ,  serves  as an  e x c e l l e n t  base f r o m  wh ich  t o  
fc!rmc!ato f G t e r e  s t u d i e s .  
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Under these  assumptions, i t  i s  reasonab le  t o  expec t  
t h a t  t h e  i s o t h e r m a l  f a t l g u e  model based on t h i s  s i n g l e  
mechanism would be a b l e  t o  p r e d i c t  t h e r m a l - c y c l i n g  
f a t i g u e  l i v e s .  Hence, i t  i s  p o s s i b l e  t o  e s t a b l i s h  a 
r e q u i r e d  c o n d i t i o n  f o r  a v a l i d ,  i s o t h e r m a l  f a t i g u e  l i f e -  
p r e d i c t i o n  method. I f  a n  i so the rma l  method does n o t  
a c c u r a t e l y  p r e d i c t  t h e r m a l - c y c l i n g  f a t i g u e  l i f e  under 
these  i d e a l i z e d  c o n d i t i o n s ,  t h e n  t h e  method i s  cons id -  
e red  t o  be  t e c h n i c a l l y  d e f i c i e n t .  

Wh i le  t h e  r e s u l t s  o f  our ana lyses  c o u l d  be  p r e -  
sented  i n  terms o f  pa ramet r i c  equa t ions  and no rma l i zed  
p l o t s ,  we have chosen t o  express t h e  r e s u l t s  u s i n g  
numer i ca l  examples. These g i v e  t h e  reader  a d i r e c t ,  
f i r s t - h a n d  impress ion  o f  the degree o f  agreement ( o r  
d isagreement )  between i s o t h e r m a l  and TMF behav io r .  

SYMBOLS 

modulus o f  e l a s t i c i t y  

c y c l e s  t o  f a t i g u e  f a i l u r e  ( c r a c k  i n i t i a t i o n )  

tempera tu re  

t e n s i l e  h y s t e r e s i s  energy 

t o t a l  s t r a i n r a n g e  

e l a s t i c  s t r a i n r a n g e  

i n e l a s t i c  s t r a i n r a n g e  

s t r e s s  range 

a x i a l  s t r a i n  

i n e l a s t i c  s t r a i n  r a t e  

a x i a l  s t r e s s  

peak t e n s l l e  s t r e s s  

S u p e r s c r i p t s :  
a power o f  c y c l i c  l i f e  f o r  e l a s t i c  s t r a i n r a n g e  

versus  c y c l i c  l i f e  r e l a t i o n s  

I3 power o f  c y c l i c  l i f e  f o r  i n e l a s t i c  s t r a i n r a n g e  
versus  c y c l i c  l i f e  r e l a t l o n s  

Y power of  c y c l i c  l i f e  i n  Ostergren  c r i t e r i o n  

n c y c l i c  s t r a i n  hardentng exponent 

m i n e l a s t i c - s t r a i n - r a t e  ha rden ing  c o e f f i c i e n t  

versus  c y c l i c  l t f e  r e l a t i o n s  

Coef f i c 1- 
A i n t e r c e p t  o f  e l a s t i c  s t r a i n r a n g e  versus  c y c l i c  

l i f e  r e l a t i o n s  

B i n t e r c e p t  o f  i n e l a s t i c  s t r a i n r a n g e  versus  c y c l i c  

F i n t e r c e p t  o f  Ostergren  c r i t e r i o n  versus  c y c l i c  

l i f e  r e l a t i o n s  

l i f e  r e l a t i o n s  

K s t r e n g t h  c o e f f i c i e n t ;  s t r e s s  range when t h e  
i n e l a s t i c  s t r a i n r a n g e  i s  u n i t y  

2 

BACKGROUND 

H i s t o r i c a l l y ,  i n v e s t i g a t o r s  have sought an equ iva -  
l ence  between TMF and i s o t h e r m a l  f a t i g u e  by p o s t u l a t i n g  
t h e  e x i s t e n c e  o f  a s i n g l e ,  i s o t h e r m a l  t empera tu re  l e v e l  
f o r  wh ich  t h e  l o w - c y c l e  f a t i g u e  r e s i s t a n c e  i s  t h e  same 
as t h e  'IMF r e s i s t a n c e .  Suggested tempera tu re  l e v e l s  
have been maximum t h e r m a l - c y c l i n g  tempera tu re  (l), min- 
imum tempera tu re ,  average tempera tu re  (2). o r  more com- 
p l e x  cho ices  such ds an e q u i v a l e n t  t empera tu re  ( 3 )  o r  
t h e  tempera tu re  w i t h i n  t h e  t h e r m a l - c y c l i n g  range f o r  
wh ich  t h e  i s o t h e r m a l  f a t i g u e  r e s i s t a n c e  i s  minimum ( 3 ) .  
A u n i q u e l y  d e f i n e d  tempera tu re  l e v e l  has n o t  been found 
thus  f a r  t h a t  can  r e p r e s e n t  a l l  t h e r m a l - c y c l i n g  cond i -  
t l o n s  f o r  a l l  m a t e r i a l s .  

The p roper  b a s i s  f o r  comparing i s o t h e r m a l  and TMF 
r e s i s t a n c e  has a l s o  been open t o  debate .  Quoted  i s o -  
t he rma l  and TMF r e s u l t s  may d i f f e r  c o n s i d e r a b l y ,  depend- 
i n g  on t h e  c h o i c e  o f  parameter  used f o r  cornparison. I n  
f a c t ,  t h e  r e l a t i v e  f a t i g u e  r e s i s t a n c e s  can r e v e r s e  
depending on t h e  parameters  used. Comparisons have 
been made on t h e  b a s i s  o f  i n e l a s t i c  s t r a i n r a n g e ,  t o t a l  
s t r a i n - r a n g e ,  s t r e s s  range, peak t e n s i l e  s t r e s s ,  and a 
v a r i e t y  o f  o t h e r  s o - c a l l e d  f a i l u r e  c r i t e r i a  o r  damage 
f a c t o r s .  T h i s  i ssue ,  o f  course ,  may never  be e x p e r i -  
m e n t a l l y  r e s o l v e d  because o f  t h e  h o s t  o f  damage- 
accumu la t i on  mechanisms t h a t  may d i f f e r  f r o m  one 
m a t e r i a l  t o  t h e  n e x t  and t h e  p o t e n t i a l  f o r  d i f f e r i n g  
damage mechanisms between i s o t h e r m a l  f a t i g u e  and TMF. 

Numerous examples f r o m  t h e  l i t e r a t u r e  have been 
surveyed r e c e n t l y  ( 5 ) .  and a w ide  range o f  behav io rs  
between i s o t h e r m a l  and TMF have been no ted .  Thermal 
f a t i g u e  l i v e s  a r e  f r e q u e n t l y  l e s s  than  i s o t h e r m a l  l i v e s  
when t h e  b a s i s  f o r  comparison i s  c o n s t a n t ,  i n e l a s t i c  
s t r a i n r a n g e .  However, i f  t h e  t o t a l  s t r a i n r a n g e  i s  used 
as t h e  b a s i s  o f  comparison, t h e  o r d e r  may be reve rsed ,  
b u t  o n l y  i f  t h e  i n e l a s t i c  s t r a i n r a n g e  i s  s m a l l  compared 
t o  t h e  t o t a l  s t r a i n r a n g e .  

Another  c o m p l i c a t i o n  a r i s e s  when d e a l i n g  w i t h  TMF 
because o f  t h e  p o t e n t i a l l y  pronounced e f f e c t  o f  tempera- 
t u r e  and s t r a i n  phas ing .  Inphase the rma l  c y c l i n g  (max i -  
mum tempera tu re  a t  maximum s t r a i n )  produces l i v e s  t h a t  
can be  g r e a t e r  t han ,  o r  l e s s  than,  ou t -o f -phase c y c l i n g  
(minimum tempera tu re  a t  maximum s t r a i n )  depending on 
t h e  m a t e r i a l  and env i ronment  i n v o l v e d .  Hence, i f  i so-  
t he rma l  f a t i g u e  l i f e - p r e d t c t i o n  methods a r e  t o  be a b l e  
t o  p r e d i c t  phase e f f e c t s ,  t h e y  must recogn ize  t h e  d i f -  
f e r e n t  m e c h a n i s t i c  aspec ts  o f  t h e  d i f f e r e n t  phas ings .  
S ince  i n  t h e  c u r r e n t  s tudy  we have l i m i t e d  behav io r  t o  
a s i n g l e ,  o p e r a t i v e  c r a c k - i n i t i a t i o n  mechanism, no  
t e m p e r a t u r e - s t r a i n  phase e f f e c t  i s  p o s s i b l e .  Some i s o -  
the rma l  l i f e - p r e d i c t i o n  methods a t t e m p t  t o  d i s t i n g u i s h  
t h e  e f f e c t s  o f  phas ing ,  o t h e r s  do n o t .  The approach o f  
Os te rg ren  (6) .  f o r  example, p r e d i c t s  an e f f e c t  o f  
phas ing .  

CONSlANl MANSON-COFFIN FAILURE CRITLRION 

Our approach i s  t o  assume an i d e a l i z e d ,  i s o t h e r m a l  
behav io r  f o r  a m a t e r i a l  and then  t o  i n f e r  what t h e  
l i k e l y  thermomechanical  response would be. H i s t o r y  
independence o f  f l o w  behav io r  i s  assumed and no a d d l -  
t i o n a l  f l o w  o r  damage mechanisms a r e  p e r m l t t e d  d u r i n g  
thermal  excu rs ions .  Such i d e a l i z a t i o n s  a r e  seldom, i f  
ever ,  r e a l i z e d  i n  e n g i n e e r i n g  m a t e r i a l s .  However, t h e y  
do se rve  a u s e f u l  purpose i n  p r o v i d i n g  a s imp le ,  common 



b a s i s  f o r  d i r e c t l y  comparing v a r i o u s  l i f e - p r e d i c t i o n  
approaches. I f  an i s o t h e r m a l  l i f e - p r e d i c t i o n  method 
p r o p e r l y  p r e d i c t s  t h e  i d e a l i z e d  THF behav io r ,  an essen- 
t i a l  c o n d i t i o n  has been ach ieved f o r  assess ing  t h e  
v a l i d i t y  o f  t h e  method. On t h e  o t h e r  hand, I f  i n c o r -  
r e c t  THF b e h a v i o r  1s p r e d i c t e d ,  t h e  p r e d i c t i o n  method 
i s  o b v i o u s l y  f a u l t y .  

Two d i s t i n c t  m a t e r i a l  behav io rs  a r e  examined i n  
t h i s  r e p o r t  t ime- independent ,  c y c l i c  s t r e s s - s t r a i n  
b e h a v i o r  over  t h e  tempera tu re  range o f  i n t e r e s t .  and 
t ime-dependent  behav io r  i n  a p r e s c r i b e d  manner over  the 
tempera tu re  range o f  i n t e r e s t .  I n i t i a l l y ,  t h e  i n e l a s -  
t i c  s t r a i n r a n g e  versus  l i f e  r e l a t l o n  shown i n  Eq. ( 1 )  
and F i g .  1 ( i . e . ,  t h e  Manson-Coff in r e l a t i o n )  1s assumed 
t o  be independent  o f  b o t h  t i m e  and tempera ture :  

Because t h i s  r e l a t i o n  i s  assumed t o  be independent  o f  
b o t h  t i m e  and tempera ture ,  B and I3 a r e  cons tan ts ,  
and t h e  i n e l a s t i c  s t r a i n r a n g e  u n i q u e l y  d e f i n e s  c y c l i c  
l i f e .  

_ _  THF L i f e  - P r e d i c t i o n  f o r  ____ Time-Independent,  ___ C y c l i c ,  
C o n s t i t u t i v e  Behav io r  __ .__--____ 

Al though  t h e  c y c l i c  s t r e s s - s t r a i n  p r o p e r t i e s  a r e  
assumed t o  be independent  o f  t ime,  t h e y  a r e  recogn ized 
t o  be tempera tu re  dependent.  The c y c l i c  s t r e s s - s t r a i n  
response i s  d e f i n e d  by 

n 
i n )  ALV = K ( A c  

The s t r a i n - h a r d e n i n g  exponent n i s  assumed t o  be 
independent  o f  b o t h  t i m e  and tempera ture .  The tempera- 
t u r e  dependency o f  t h e  s t r e n g t h  c o e f f i c i e n t  K I s  
assumed t o  be de termined by 

K = 2760 - 2 .21 (1 ) ,  MPa ( 3 )  

F i g u r e  2 s c h e m a t i c a l l y  i l l u s t r a t e s  t h e  fo rm o f  t h e  
c y c l i c  s t r e s s - s t r a i n  r e l a t i o n  used - l i n e a r ,  e l a s t i c  
s t r a i n  p l u s  a power- law p l a s t i c  s t r a l n  response: 

1 /n 
A c  = Ac + bein = + (p) e l  ( 4 )  

The modulus o f  e l a s t i c i t y  E ,  a l s o  tempera tu re  depend 
e n t ,  i s  d e f i n e d  by 

E = 207,000 - 6 9 ( 7 ) ,  MPa ( 5 )  

l h e  m a t e r i a l  p r o p e r t i e s  K and E a r e  t a k e n  t o  
v a r y  w i t h  tempera ture  a c c o r d i n g  t o  t h e  p r e v i o u s  
s t r a i g h t - l i n e  r e l a t i o n s  (Eqs. ( 3 )  and ( 5 ) ) ,  which  are  
shown i n  F i g .  3. Wh i le  t h e  numer i ca l  va lues  a r e  a r b i -  
t r a r y ,  t h e  t r e n d s  r e f l e c t  t h e  genera l  behav io r  o f  h igh- 
tempera ture  a l l o y s .  A tempera ture  range o f  0 t o  1000 "C 
has been chosen. 

F i x i n g  t h e  cons tan ts  i n  t h e  C y c l i c  s t r e s s - s t r a i n  
r e l a t i o n  (Eq. ( 2 ) )  and i n  t h e  i n e l a s t i c  s t r a i n r a n g e  
versus  l i f e  r e l a t i o n  (Eq. ( 1 ) )  f i x e s  t h e  e l a s t i c  s t r a i n -  
range versus  l i f e  r e l a t i o n  a t  each tempera ture :  

A~ e l  = A ( N ~ ) O  

S ince  I3 and n a r e  tempera tu re  independent,  a i s  
a l s o  tempera tu re  independent  (a = On). The p r o p e r t y  A 
v a r i e s  w i t h  tempera tu re  because o f  t h e  co r respond lng  
tempera tu re  dependency o f  K and E: 

E A =  ( 7 )  

The e l a s t i c  s t r a l n r a n g e  versus  l l f e  r e l a t l o n  i s  shown 
i n  F i g .  4, and t h e  cons tan ts  f o r  t h i s  r e l a t i o n  and f o r  
Eq. ( 1 )  a r e  shown i n  F i g .  5 f o r  t h e  tempera tu re  range 
cons idered.  

S ince  t h e  i n e l a s t i c  s t r a i n r a n g e  versus  l i f e  r e l a -  
t i o n  I s  n o t  a f u n c t i o n  o f  tempera ture ,  and s i n c e  no new 
de fo rma t ion  o r  c rack  i n i t i a t i o n  micromechanisms a r e  
p e r m i t t e d  because o f  t he rma l  c y c l i n g ,  I t  can be deduced 
t h a t  a THF c y c l e  w i l l  have e x a c t l y  t h e  same l i f e  as any 
i s o t h e r m a l  c y c l e  w i t h  t h e  same i n e l a s t i c  s t r a i n r a n g e .  
Consequent ly,  we can deduce t h e  l i f e  o f  any TMF c y c l e  
s imp ly  by knowing i t s  i n e l a s t i c  s t r a i n r a n g e .  Now we 
a r e  i n  a p o s i t i o n  t o  ask what l i f e  p r e d i c t i o n s  o t h e r  
methods (wh ich  u t i l i z e  o t h e r  c r i t e r i a  f o r  f a i l u r e )  
would i n f e r  under these  c i rcumstances .  

Two f a i l u r e  c r i t e r i a  a r e  examined: ( 1 )  t o t a l  
s t r a i n r a n g e  o f  t h e  c y c l e  a t  some p r e s c r i b e d  tempera tu re  
and ( 2 )  t h e  approach o f  Os te rg ren  (6)  ( w i t h  no t i m e  
dependencies),  wh ich  p o s t u l a t e s  t h a t  t h e  p r o d u c t  o f  t h e  
i n e l a s t i c  s t r a i n r a n g e  and t h e  peak t e n s l l e  s t r e s s  i s  a 
power f u n c t i o n  o f  t h e  c y c l i c  l l f e .  The t e n s i l e  h y s t e r -  
e s l s  energy o f  t h e  c y c l e ,  wh ich  i s  an a l t e r n a t e  i n t e r -  
p r e t a t i o n  o f  t h e  Os te rg ren  c r i t e r i o n ,  i s  a l s o  examined. 

T o t a l  s t r a i n r a n g e  c r i t e r i o n .  The l s o t h e r m a l ,  t o t a l  
s t r a i n r a n g e  versus  l i f e  r e l a t i o n  f o r  any tempera tu re  i s  
o b t a i n e d  f r o m  Eqs. ( 1 )  and ( 6 ) :  

C a l c u l a t e d  curves  f o r  t h e  maximum, average, and 
minimum tempera tures  a r e  p resen ted  i n  F l g .  6. We a r e  
now i n  a p o s i t i o n  t o  examine a THF c y c l e  and p r e d i c t  
i t s  l l f e  based on t h e  t o t a l  s t r a i n r a n g e  versus  l i f e  
r e l a t t o n s  i n  F i g .  6. 

As an example, an I n e l a s t i c  s t r a i n r a n g e  o f  0.005 
i s  assumed and t h e  TMF h y s t e r e s i s  l o o p  o f  F i g .  7 i s  
c a l c u l a t e d  f r o m  t h e  assumed c o n s t i t u t i v e  b e h a v i o r  f o r  
t h e  tempera ture  range f r o m  0 t o  1000 " C .  A s  no ted  
e a r l i e r ,  Eq. ( 1 )  i s  independent  o f  t empera tu re  and 
u n i q u e l y  d e f i n e s  c y c l i c  l i f e .  Thus, f o r  t h e  assumed 
i n e l a s t i c  s t r a i n r a n g e  (0.005) and t h e  va lues  o f  B 
and B g i v e n  i n  F i g .  5,  t h e  c y c l i c  l i f e  i s  c a l c u l a t e d  
t o  be 400 c y c l e s .  The l o o p  shown i n  F i g .  7 does n o t  
i n c l u d e  t h e  e l a s t i c  s t r a i n .  However, t h e  o n l y  impor -  
t a n t  e l a s t i c  s t r a i n s  a r e  those  a t  t h e  extremes o f  t h e  
TMF c y c l e .  I n  t h i s  case, t h e  e l a s t i c  s t r a i n r a n g e  o f  
0.0030 i s  composed o f  t h e  0 "C a m p l i t u d e  o f  0.00233 and 
t h e  1000 " C  amp l i t ude  o f  0.00067. The t o t a l  s t r a i n -  
range i s  0.0080. 

I f  we e n t e r  t h e  i s o t h e r m a l  t o t a l  s t r a i n r a n g e  l i f e  
c u r v e  f o r  t h e  maximum tempera tu re  o f  t h e  TMF c y c l e ,  we 
w i l l  p r e d i c t  a l i f e  o f  233 c y c l e s  t o  f a i l u r e .  T h i s  
va lue ,  however, i s  i n  d isagreement  w i t h  what we know t o  
be  t h e  c o r r e c t  l i f e  (400 c y c l e s ) .  S i m i l a r  c a l c u l a t i o n s  
f o r  o t h e r  i so the rms  r e v e a l  t h e  p r e d i c t i o n s  shown i n  
Tab le  1. 

None o f  t h e  t h r e e  p r e d i c t i o n s  agree w i t h  t h e  known 
l i f e  o f  400 c y c l e s .  S ince  t h e  known l i f e  i s  between 
t h e  extreme p r e d i c t i o n s ,  i t  i s  obv ious  t h a t  a tempera- 
t u r e  l e v e l  ( e q u a l - l i f e  tempera tu re )  e x i s t s  f o r  wh ich  
t h e  p r e d i c t i o n  would be equa l  t o  t h e  known l l f e .  How- 
ever ,  t h a t  tempera ture  can be shown t o  be a f u n c t i o n  of  
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t h e  va lues  o f  t h e  cons tan ts  i n  t h e  c y c l i c  s t r e s s - s t r a i n  
c u r v e  and i n  t h e  f a i l u r e  curves themselves. Ca lcu la -  
t i o n s  show t h a t  t h e  e q u a l - l i f e  tempera ture  i s  a l s o  a 
f u n c t i o n  o f  t h e  tempera ture  range and peak tempera- 
t u r e .  
a l l  t h e  v a r i a b l e s  i n v o l v e d ,  i t  has no  s p e c i a l  s i g n i f l -  
cance. B l i n d  use o f  a t o t a l  s t r a i n r a n g e  f a i l u r e  c r i -  
t e r i o n  f o r  a p r e s e l e c t e d ,  i so the rma l  t empera tu re  f a i l s  
t o  produce c o r r e c t  l i f e  p r e d i c t i o n s .  

t e r i o n  f o r  t ime- independent  behav io r  i s  t h e  p roduc t  o f  
t h e  i n e l a s t i c  s t r a i n r a n g e  A c t n  and t h e  peak t e n s i l e  
s t r e s s  UT o f  t h e  c y c l e .  Th is  q u a n t i t y  i s  d i r e c t l y  
r e l a t e d  t o  t h e  t e n s l l e  h y s t e r e s i s  energy ANT f o r  i s o -  
t he rma l  f a t i g u e  c y c l e s .  For t h e  assumed c y c l i c  s t r e s s -  
s t r a i n  behav lo r  and n = 0.20, t h e  p r o d u c t  and energy 
terms a r e  l i n e a r l y  r e l a t e d  by t h e  f a c t o r  ( 1  - n ) / ( l  t n )  
= 2/3. For i s o t h e r m a l  l i f e  p r e d i c t i o n  t h e r e  1s l i t t l e  
need t o  d i s t i n g u i s h  between t h e  two. However, when TMF 
c y c l e s  a r e  i n v o l v e d  t h e  energy and p r o d u c t  terms become 
n o n l i n e a r l y  r e l a t e d .  The reasons f o r  t h i s  behav io r  w i l  
become apparent  l a t e r .  We w i l l  examine t h e  f o l l o w i n g  
p r o d u c t  f o r m  f i r s t :  

S ince  t h e  e q u a l - l i f e  tempera tu re  i s  dependent on 

Os te rg ren  approach. The Os te rg ren  f a i l u r e  c r i -  

(9 

Equa t ion  (9 )  i s  shown i n  F i g .  8 f o r  s e v e r a l  tem- 
p e r a t u r e  l e v e l s .  The cons tan ts  a r e  de termined by u s i n g  
Eqs. (1) and ( 2 )  where y = a + D and 

1 t n  
(10 )  

K F = j (B) 

The i s o t h e r m a l  curves  f o r  t he  t e n s i l e  hys te res i s -energy  
f a i l u r e  c r i t e r i o n  would l i e  a f a c t o r  o f  2/3 below t h e  
curves  i n  F ig .  8. 

de te rm ine  t h e  p r o d u c t  A c ~ ~ u T .  I n  t h i s  case OT = 
212 MPa a t  p o i n t  B and 
these  two terms I s  1.06 MPa. F o l l o w l n g  t h e  same p ro -  
cedure  as used i n  examining t h e  t o t a l  s t r a i n r a n g e  f a l l -  
u r e  c r i t e r i o n ,  we examine the  minimum, average, and 
maximum tempera ture .  For  an inphase c y c l e ,  a f o u r t h  
tempera tu re  m i g h t  a l s o  be se lec ted  - t h a t  I s  t h e  tem- 
p e r a t u r e  a t  wh ich  t h e  peak t e n s i l e  s t r e s s  i s  encoun- 
t e r e d  ( p o i n t  B, F i g .  7 ) .  For an  ou t -o f -phase  TMF c y c l e ,  
t h e  peak t e n s i l e  s t r e s s  o f  478 MPa occurs  a t  maximum 
s t r a i n  and minimum temperature.  Tab le  I I ( a )  compares 
t h e  TMF l i f e  p r e d i c t i o n s  a t  t h e  f o u r  i so the rms  w i t h  t h e  
p r e v l o u s l y  de termined l i f e  known t o  e x i s t  (400 c y c l e s )  
f o r  t h e  i n e l a s t i c  s t r a i n r a n g e  o f  0.005. Bo th  inphase 
and ou t -o f -phase TMF c y c l e s  a r e  examined. 

Reexamining t h e  inphase TMF l o o p  i n  F i g .  7, we can 

A c t n  = 0.005. The p r o d u c t  o f  

Again,  i t  i s  r e a d i l y  apparent t h a t  none o f  t h e  
Inphase p r e d i c t i o n s  a r e  I n  agreement w i t h  t h e  known 
l i f e  o f  400 c y c l e s .  I n  a d d i t i o n ,  an e q u a l - l i f e  temper- 
a t u r e  i s  so h i g h l y  dependent on a l l  o f  t h e  I n p u t  v a r i -  
ab les  t h a t  t h e  i d e a  o f  t r e a t i n g  t h e  parameter 
and an e q u a l - l i f e  tempera ture  as f a i l u r e  c r i t e r i a  i s  
n o t  appea l i ng .  

For  t h e  ou t -o f -phase  cyc le ,  agreement i s  ach ieved 
by u s i n g  t h e  minimum tempera ture  o f  t h e  c y c l e .  T h i s  
agreement, however, i s  c i r c u m s t a n t l a l  and i s  f a r  f r o m  
b e i n g  a genera l  c o n c l u s i o n .  For  example, I f  t h e  p o i n t  
o f  v iew  i s  t a k e n  t h a t  t h e  t e n s i l e  h y s t e r e s i s  energy I s  
a more a p p r o p r i a t e  term, then t h e  p r e v i o u s l y  no ted  suc- 
c e s s f u l  p r e d i c t l o n  I s  no  longer c o r r e c t .  By l n t e g r a t -  
i n g  t h e  t e n s i l e  h y s t e r e s i s  energy f o r  t h e  l o o p  o f  
F i g .  7 ( o r  t h e  o t h e r  h a l f  of t h e  l o o p  I n  t h e  case o f  an  
ou t -o f -phase  TMF c y c l e )  and e n t e r i n g  i s o t h e r m a l  f a i l u r e  

AC~,-,UJ 

cu rves  based on t e n s i l e  h y s t e r e s i s  energy,  we o b t a i n  
t h e  p r e d i c t i o n s  i n  Tab le  I I ( b ) .  For  t h i s  case, t h e r e  
i s  no agreement between p r e d i c t i o n s  and t h e  known l i f e  
o f  400 c y c l e s .  

THF L i f e  P r e d i c t i o n  f o r  Time-Dependent, C y c l i c .  
C o n s t i t u t i v e  Behav io r  

I n  a d d i t i o n  t o  t h e  p r e v i o u s l y  adopted tempera tu re  
dependence of  t h e  c y c l i c  s t r e s s - s t r a i n '  behav lo r ,  we now 
examine t h e  consequences o f  assuming a t i m e  dependency. 
The assumed t i m e  dependency beg ins  below an a r b i t r a r i l y  
s e t ,  i n e l a s t i c  s t r a i n  r a t e  ( l .O/sec  i n  t h e  p r e s e n t  
case) .  The degree o f  t i m e  dependency i nc reases  as t h e  
tempera tu re  i n c r e a s e s .  A s  s t a t e d  e a r l i e r ,  t h e  f a i l u r e  
behav io r ,  wh ich  i s  t aken  t o  be i n e l a s t i c  s t r a i n r a n g e  
versus  l i f e ,  i s  n o t  assumed t o  be t i m e  dependent, n o r  
i s  i t  tempera tu re  dependent.  The t ime-dependent,  c y c l i c  
s t r e s s - s t r a i n  c u r v e  i s  g i v e n  i n  t h e  f o l l o w i n g  e q u a t i o n  
and i s  i l l u s t r a t e d  I n  F i g .  9 :  

The m a t e r i a l  p r o p e r t i e s  K and n r e t a i n  t h e i r  o r i g i -  
n a l l y  ass igned  va lues .  The i n e l a s t i c  s t r a i n - r a t e  ha rd -  
en ing  exponent m I s  assumed t o  v a r y  w i t h  tempera tu re  
i n  an e x p o n e n t i a l  manner as shown i n  Eq. (12 )  and 
F i g .  10 :  

m = 0.001 exp[0 .00461(1) ]  ( 1 2 )  

Based on these  assumptlons, i t  f o l l o w s  t h a t  t h e  
e l a s t i c  s t r a i n r a n g e  versus  l i f e  r e l a t i o n  i s  b o t h  t i m e  
and tempera tu re  dependent ( F i g .  1 1 ) .  Thus, t h e  t o t a l  
s t r a i n r a n g e  versus  l i f e  r e l a t i o n  i s  a l s o  t i m e  and tem- 
p e r a t u r e  dependent as i n d i c a t e d  i n  F i g .  12. 

S ince  t h e  i n e l a s t i c  s t r a i n r a n g e  versus  l i f e  r e l a -  
t i o n  i s  n o t  a f u n c t i o n  o f  t empera tu re  o r  t ime ,  and s i n c e  
no  new d e f o r m a t i o n  o r  c r a c k  i n i t i a t i o n  micromechanism 
i s  p e r m i t t e d ,  i t  i s  l o g i c a l  t o  deduce t h a t  a TMF c y c l e  
w i l l  a g a i n  have e x a c t l y  t h e  same l i f e  as any I s o t h e r m a l  
c y c l e  w i t h  t h e  same I n e l a s t i c  s t r a i n r a n g e .  Thus, we 
can deduce t h e  l i f e  o f  any TMF c y c l e  s i m p l y  by knowing 
i t s  i n e l a s t l c  s t r a l n r a n g e .  The f a c t  t h a t  t h e  s t r e s s  
response i s  t i m e  dependent d i c t a t e s  t h a t  t h e  t o t a l  
s t r a i n r a n g e  and t h e  Os te rg ren  models e x h i b i t  t i m e -  
dependent f a i l u r e  cu rves .  

As  an example, we s e l e c t  a s i n g l e ,  s low, i n e l a s t i c  
s t r a i n  r a t e  o f  0.0001/sec t o  e v a l u a t e  t h e  TMF and t h e  
i s o t h e r m a l  f a t i g u e  l i v e s .  An i n e l a s t i c  s t r a i n r a n g e  of  
0.005 i s  a g a i n  assumed. F i g u r e  1 3  shows t h e  TMF h y s t e r -  
e s i s  l o o p  f o r  an i n e l a s t i c  s t r a i n  r a t e  o f  0.0001/sec and 
tempera tu re  extremes o f  0 and 1000 "C.  

T o t a l  s t r a i n r a n g e  c r i t e r i o n .  The i s o t h e r m a l  t o t a l  
s t r a i n r a n g e  versus  l i f e  r e l a t i o n  f o r  t h e  s low  s t r a i n  
r a t e  o f  0.0001/sec I s  shown i n  F l g .  14 f o r  t h e  mlnimum, 
average, and maximum tempera tures .  The e f f e c t  o f  t h e  
s low  s t r a i n  r a t e  on t h e  1000 " C  c u r v e  I s  q u i t e  apparen t  
when compared w i t h  F i g .  6. The t o t a l  s t r a i n r a n g e  i s  
now o n l y  0.00756 ( t h e  1000 O C  t e n s i l e ,  e l a s t i c  s t r a i n  
a m p l i t u d e  i s  o n l y  0.00025),  and t h e  TMF l i f e  i s  400 
c y c l e s  t o  f a i l u r e  as de termined e a r l i e r .  L i f e  p r e d i c -  
t i o n s  based on t h e  t h r e e  i s o t h e r m a l  t o t a l  s t r a i n r a n g e  
f a t i g u e  curves  o f  F i g .  14  a r e  t a b u l a t e d  i n  Tab le  111. 
L i f e  p r e d i c t i o n s  a t  each tempera tu re  a r e  t h e  same f o r  
inphase and ou t -o f -phase  TMF Cyc les .  As  no ted  f o r  t h e  
t ime- independent  a n a l y s i s  ( T a b l e  I ) .  t h e  p r e d i c t e d  
l i v e s  a r e  n o t  i n  agreement w i t h  t h e  known l i f e .  

Os te rq ren  approach. W i t h  t h e  i n t r o d u c t i o n  o f  t h e  
t l m e  dependency o f ' t h e  s t r e s s  response, t h e  Os te rg ren  
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approach can no  l o n g e r  be taken  i n  i t s  t ime- independent 
fo rm.  I n s t e a d ,  t h e  equa t lon  must be w r i t t e n  as 

S lnce  t h e  I s o t h e r m a l  and TMF i n e l a s t i c  s t r a i n  
r a t e s  a r e  I d e n t i c a l .  no i n t e r p o l a t i o n  or e x t r a p o l a t i o n  
i s  r e q u i r e d  w i t h  r e s p e c t  t o  t ime-dependent  e f f e c t s .  
Fur thermore ,  t h e  t e n s i l e  and compress ive  I n e l a s t i c  
s t r a i n  r a t e s  a r e  a l s o  i d e n t i c a l ,  t hus  e l l m i n a t i n g  the  
need t o  c o n s i d e r  t h e  t ime-dependent waveform e f f e c t s  
t h a t  a r e  hand led  I n  t h e  Os te rg ren  approach by a spec ia l  
i n t e r p r e t a t i o n  o f  t e n s i l e  and compress ive  f requenc ies .  

For  an  i n e l a s t i c  s t r a i n  r a t e  o f  0.0001/sec and an 
I n e l a s t i c  s t r a i n r a n g e  o f  0.005, we can c a l c u l a t e  a l i f e  
f o r  each o f  t h e  tempera tures  o f  i n t e r e s t  i n  F i g .  15. 
These r e p r e s e n t  I s o t h e r m a l  l i f e  p r e d i c t i o n s  o f  t h e  TMF 
c y c l e .  For  an  inphase THF c y c l e ,  a f o u r t h  i so the rma l  
t empera tu re  may have s i g n i f i c a n c e  - t h a t  i s ,  t h e  tem- 
p e r a t u r e  a t  t h e  maximum t e n s i l e  s t r e s s  ( p o i n t  B i n  
F i g .  1 3 ) .  Tab le  I V ( a )  summarizes t h e  l i f e  c a l c u l a t l o n s .  

Again,  t h e r e  i s  disagreement between t h e  es tab-  
l i s h e d  l i f e  o f  400 c y c l e s  and t h e  I s o t h e r m a l l y  p r e d i c t e d  
l i v e s .  The one p o i n t  o f  agreement i s  f o r  t h e  o u t - o f -  
phase c y c l e  f o r  wh ich  t h e  minimum I s o t h e r m a l  tempera ture  
e x i s t s .  T h i s  I s  somewhat c i r c u m s t a n t i a l  and i t  would 
be  unwise t o  g e n e r a l i z e  t h e  agreement f o r  o t h e r  cond i -  
t i o n s .  To i l l u s t r a t e  t h e  p o i n t ,  we need o n l y  t o  look  
a t  t h e  t e n s i l e  h y s t e r e s i s  energy r e p r e s e n t a t i o n  o f  the 
t ime-dependent  Os te rg ren  approach. P r e d l c t i o n s  f o r  t he  
same TMF c y c l e  a r e  t a b u l a t e d  I n  Tab le  1V(b) .  Here I t  
i s  seen t h a t  t h e  p r e v i o u s l y  ob ta ined  agreement for the  
min imum- tempera ture  p r e d l c t l o n  o f  t h e  ou t -o f -phase  c y c l e  
no  l o n g e r  e x i s t s .  

L i f e - p r e d i c t l o n  c a l c u l a t i o n s  have a l s o  been made 
f o r  a b roader  range o f  t h e  v a r i a b l e s  o f  i n t e r e s t .  
l h e s e  r e s u l t s  a r e  con ta ined  i n  F i g s .  16  t o  19 f o r  the  
range o f  tempera tures  cons ide red  and f o r  t h e  I n e l a s t i c  
s t r a i n r a n g e s  o f  0.0002 and 0.005. The c y c l e  parameters 
f o r  t hese  c a l c u l a t l o n s  a r e  shown I n  Tab le  V .  F l g u r e  16  
d i s p l a y s  t h e  TMF f a t i g u e  l i f e  p r e d i c t i o n s  based on the  
I s o t h e r m a l ,  t o t a l  s t r a i n r a n g e  c r i t e r i o n  f o r  t h e  two 
s t r a i n r a n g e s  and f o r  b o t h  t ime-dependent and t lme-  
Independent  behav io r .  P r e d i c t i o n s  a r e  i d e n t i c a l  f o r  
t h e  Inphase and ou t -o f -phase  TMF c y c l e s .  The known TMF 
l l v e s  a r e  a l s o  independent o f  phas ing  f o r  t h e  p resen t  
case. Note  t h a t  t h e r e  a r e  two t o t a l  s t r a i n r a n g e  values 
f o r  each i n e l a s t i c  s t r a i n r a n g e .  T h i s  i s  because o f  t h e  
d i f f e r e n t ,  e l a s t i c  s t r a i n r a n g e  c o n t r i b u t i o n s  t o  t h e  
t o t a l  s t r a i n r a n g e  r e s u l t l n g  f r o m  t h e  t ime- independent  
and t ime-dependent TMF loops .  

S i m i l a r  r e s u l t s  a r e  d i s p l a y e d  i n  F i g s .  1 7 ( a )  and 
( b )  and 18 (a )  and ( b )  f o r  t h e  two f o r m u l a t i o n s  o f  the  
Os te rg ren  approach. The same genera l  t r e n d s  as found 
f o r  t h e  0.005 i n e l a s t i c  s t r a l n k a n g e  a p p l y  f o r  t h e  
s m a l l e r  s t r a i n r a n g e  (0 .0002) .  

The p r e v i o u s  s e c t i o n s  d e a l t  w i t h  a tempera ture-  
:ndependent, ine!:st!c s t r z t n r a n g e  vers i i s  cyc!!c-!!fe 
f a l l u r e  c r i t e r i o n .  Other  tempera ture- independent  c r i -  
t e r i a  a r e  now examined - namely, t o t a l  s t r a i n r a n g e  and 
t h e  Os te rg ren  parameter.  

C O N S l A N l  lOTAL STRAINRANGE FAILURE C R I T E R I O N  

Cons ide r ing  t h e  t o t a i  s t r a i n r a n g e  c r i t e r i o n  f l r s t ,  
i t  q u i c k l y  becomes apparent  t h a t  t h e  o n l y  way t o  make 

t h i s  c r i t e r i o n  Independent o f  t empera tu re  i s  t o  have 
two c o n d i t l o n s  f u l f i l l e d .  The f i r s t  c o n d i t i o n  I s  t o  
have t h e  c y c l i c  s t r e n g t h  c o e f f i c i e n t  decrease w i t h  
t n c r e a s t n g  tempera tu re  a t  e x a c t l y  t h e  same r a t e  8s t h e  
decrease o f  t h e  modulus o f  e l a s t i c i t y  w i t h  tempera ture ;  
t h a t  I s ,  t h e  e l a s t i c  s t r a l n r a n g e  versus  l i f e  r e l a t i o n  
must be  independent  o f  t empera tu re  (and a l s o  must be 
independent  o f  t i m e  or s t r a l n  r a t e  e f f e c t s ) .  The sec- 
ond c o n d i t i o n  i s  t h a t  t h e  i n e l a s t l c  s t r a i n r a n g e  versus  
c y c l i c  l i f e  r e l a t i o n  must be tempera tu re  Independent .  
However, t h i s  I s  e x a c t l y  t h e  f a i l u r e  c r i t e r i o n  t h a t  was 
examined e a r l l e r  i n  t h i s  r e p o r t .  Hence, t h e r e  i s  no 
m e r i t  i n  f u r t h e r  p u r s u i t  o f  t h e  c o n s t a n t  t o t a l  s t r a i n -  
range c r i t e r i o n .  

CONSlANT OSlERGR€N FAILURE C R I T E R I O N  

We w i l l  now examine t h e  Os te rg ren  approach as a 
f a i l u r e  c r i t e r i o n .  When s e l e c t i n g  t h e  t ime- Independent  
p r o d u c t  f o r m  (Eq. (9)), we see t h a t  t h e  cons tan ts  F 
and y must be independent  o f  t empera tu re  I n  o r d e r  
t h a t  t h e  f a i l u r e  c r l t e r i o n  be Independent  o f  tempera- 
t u r e .  Hence, 

F = ( K / 2 ) ( B ) l t n  = c o n s t a n t  

y = a t B = c o n s t a n t  

I n  a l l  p r e v i o u s  ana lyses  i n  t h i s  s tudy ,  we assumed 
n ( =  0 .2 ) ,  a ( =  -0.1). and B ( =  -0.5) t o  be c o n s t a n t  
w i t h  r e s p e c t  t o  tempera ture .  There fo re ,  y = -0.60, 
and (K /2) (6 ) ' .2  = c o n s t a n t .  Acco rd ing  t o  t h i s  con- 
s t r a i n t  i t  i s  thus  necessary  f o r  K and B t o  v a r y  
w i t h  tempera ture .  P r e v i o u s l y ,  we had cons ide red  B t o  
be tempera tu re  independent .  To do so now would a l s o  
r e q u i r e  t h a t  t h e  s t r e n g t h  c o e f f i c i e n t  K I n  t h e  c y c l i c  
s t r e s s - s t r a i n  c u r v e  be a c o n s t a n t .  Such a c o n d i t l o n  I s  
u n r e a l l s t i c .  Hence, we s e l e c t  K t o  v a r y  w l t h  temper- 
a t u r e  as assumed e a r l i e r  (Eq. ( 3 ) ) .  S o l v i n g  f o r  how 
B must v a r y  w l t h  tempera ture  y i e l d s  

0.833 1 c o n s t a n t  
= 11380 - l . l O ( T )  

L A 

For t h e  sake o f  numer i ca l  example, t h e  c o n s t a n t  i n  
t h l s  exp ress ion  I s  determined a t  t h e  a r b i t r a r y  r e f e r e n c e  
c o n d i t i o n  o f  500 O C  w l t h  B = 0.10. For t h l s  c o n d i t l o n ,  
t h e  c o n s t a n t  i s  52.2. Thus, 

-0.833 B = [26.4 - 0 .0211(T) ]  

where B v a r i e s  f r o m  0.065 a t  0 O C  t o  0.250 a t  1000 " C .  
Note t h a t  I t  i s  necessary  f o r  B t o  I n c r e a s e  as tem- 
p e r a t u r e  I s  i nc reased .  Wh i le  t h i s  i s  n o t  normal e n g i -  
n e e r i n g  behav io r ,  i t  i s  p h y s i c a l l y  v l a b l e .  Such a 
t r e n d  i s  no ted  i n  Ref.  7 f o r  some n i c k e l - b a s e d  super -  
a l l o y s  a t  h igh ,  homologous tempera tures  (>0.7).  

THF l i f e  p r e d l c t l o n s ,  we w l l l  examine t h e  case o f  t l m e -  
dependent, c o n s t l t u t l v e  response and i t s  e f f e c t  on t h e  
Os te rg ren  approach. For t h e  reasons n o t e d  p r e v i o u s l y ,  
we f i n d  t h a t  t h e  exponent,  y,  and t h e  I n t e r c e p t ,  F ( i j n ) m ,  
!E E!. (33)  mnst  be cons tant< .  S o l v i n q  f o r  B g i v e s  

B e f o r e  p u r s u l n g  t h e  l m p l l c a t l o n s  o f  Eq. (15)  f o r  

For t h e  r e f e r e n c e  c o n d i t i o n  ( T  = 500 " C ,  8 = 0.10) 
and a s t r a i n  r a t e  o f  0.0001/sec, t h e  c o n s t a n t  I n  
Eq. (16 )  i s  47.6. Thus, Eq. (16 )  becomes 
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[0.0001]m[29.0 - 0.0232(T)])-  0 '833 ( 1 7 )  

Hence, 6 must va ry  w i t h  b o t h  tempera tu re  and 
i n e l a s t i c  s t r a i n  r a t e  i n  a h i g h l y  c o n s t r a i n e d ,  p h y s i -  
c a l l y  improbab le  manner. F o r  example, as t h e  s t r a i n  
r a t e  decreases, t h e  v a l u e  o f  B (an  i n d i c a t o r  o f  duc- 
t i l i t y )  must i n c r e a s e .  Such a response i s  ex t reme ly  
uncommon excep t  w i t h i n  t h e  rea lm o f  s u p e r p l a s t i c  behav- 
i o r  a t  ex t reme ly  h i g h ,  homologous tempera tures  (>0.9). 
For an  i n e l a s t i c  s t r a i n  r a t e  o f  u n i t y  or g r e a t e r ,  t h e  
t ime-dependent,  c o n s t i t u t i v e  response degenerates t o  
t h e  t ime- independent  case. Obv ious ly .  I f  t h e  Os te rg ren  
f a i l u r e  c r i t e r i o n  i s  independent o f  tempera ture ,  t h e n  
t h e  p r e d i c t i o n  o f  TMF l i f e  u s i n g  t h e  Os te rg ren  approach 
i s  t r i v i a l ;  t h a t  i s  t h e  TMF l i f e  i s  i d e n t i c a l  t o  t h e  
i s o t h e r m a l  l i f e .  The TMF cyc les  o f  I n t e r e s t  have 
a l r e a d y  been d iscussed,  and t h e  c y c l e  parameters  a r e  
shown i n  Tab le  V .  Time-independent va lues  ( C  > l.O/sec 
a r e  shown f i r s t ,  f o l l o w e d  by t ime-dependent va lues  
( i t n  = 0.0001/sec). 

o f  1.06 MPa f o r  t h e  Ostergren  p r o d u c t  r e s u l t s  i n  an 
i s o t h e r m a l  l i f e  o f  660 cyc les  t o  f a i l u r e  and thus  a TMF 
l i f e  a l s o  o f  660 c y c l e s  t o  f a i l u r e .  For t h e  t ime-  
dependent case, t h e  l i f e  i s  625 c y c l e s .  S i m i l a r l y ,  t h e  
ou t -o f -phase,  t ime- independent  and t ime-dependent l i v e s  
a r e  169 and 147 c y c l e s  t o  f a i l u r e ,  r e s p e c t i v e l y .  These 
va lues  o f  l i f e  a r e  g i v e n  i n  Tables I I ( a )  and I V ( b ) .  
Note  t h a t  l i v e s  a r e  lower  a t  t h e  s low  s t r a i n  r a t e  t h a n  
t h e y  a r e  a t  t h e  f a s t  s t r a i n  r a t e .  TMF l i v e s  c a l c u l a t e d  
u s i n g  t h e  Os te rg ren  t e n s i l e  h y s t e r e s i s - e n e r g y  parameter  
were n u m e r i c a l l y  d i f f e r e n t  b u t  e x h i b i t e d  i d e n t i c a l  
t r e n d s .  

Manson-Coff in F a i l u r e  C r i t e r i o n  
E v a l u a t i o n  o f  t h e  Manson-Coff in e q u a t i o n  ( w i t h  B 

de termined by Eq. (15 )  f o r  t ime- independent  behav io r  and 
Eq. (17 )  f o r  t ime-dependent behav io r  (;in = 0.0001/sec) 
a t  an  i n e l a s t i c  s t r a i n r a n g e  o f  0.005) g i v e s  t h e  r e s u l t s  
i n  Tab le  V I ( a ) .  None o f  these l i v e s  a r e  i n  agreement 
w i t h  what i s  b e i n g  f o r c e d  t o  be  t h e  c o r r e c t  l i f e  (+.e., 
660 c y c l e s ) .  There i s  no i n f l u e n c e  o f  tempera ture-  
s t r a i n  phas ing  f o r  t h l s  f a i l u r e  c r i t e r i o n .  When a 
c o n s t a n t  Os te rg ren  f a i l u r e  c r i t e r i o n ,  independent  o f  
tempera ture ,  i s  assumed, the  p r e d i c t e d  TMF l i v e s  
i n c r e a s e  as t h e  tso ther rna l  tempera ture  used i n  t h e  p re -  
d i c t i o n  i s  i nc reased .  Also,  a t  1000 "C  t h e  l i f e  a t  t h e  
s low  s t r a i n  r a t e  i s  p ro longed compared t o  t h e  f a s t  
s t r a i n  r a t e .  Such behav io r  i s  n o t  common, a l t h o u g h  i t  
has been no ted  f o r  t h e  n i cke l -base  a l l o y ,  IN792 + H f  

T o t a l  S t r a i n r a n g e  c r i t e r i o n  
For a c o n s t a n t  Ostergren  f a i l u r e  c r i t e r i o n ,  t h e  

curves  f o r  i s o t h e r m a l .  t o t a l  s t r a i n r a n g e  versus  l i f e  
must d i f f e r  f r o m  one another a t  d i f f e r e n t  tempera tures .  
I n  t h e  p r e s e n t  case, b o t h  the  i n e l a s t i c  and e l a s t i c  
l i n e  must v a r y  cons ide rab ly .  T h i s  i s  p a r t i c u l a r l y  t r u e  
f o r  t h e  t ime-dependent  case. 

For t ime- independent  c o n d i t i o n s ,  an inphase va lue  

(SI. 

Correspond ing  t o  t h e  t o t a l  s t r a l n r a n g e  va lues  i n  
l a b l e  V a r e  t h e  i s o t h e r m a l l y  p r e d i c t e d  TMF l i v e s  i n  
l a b l e  V I ( b ) .  C a l c u l a t e d  l i v e s  a r e  independent  of  t h e  
t e m p e r a t u r e - s t r a i n  phas ing  o f  t h e  TMF c y c l e .  
t h e  l i v e s  l i s t e d  i n  Tab le  V I (b )  i n c r e a s e  as e i t h e r  tem- 
p e r a t u r e  i nc reases  o r  s t r a l n  r a t e  decreases .  

Again. 

These r e s u l t s  f r o m  Table V I ( b )  a r e  d i s p l a y e d  i n  
F i g s .  19 (a )  and ( b )  f o r  t ime- independent and t ime-  
dependent m a t e r i a l  behav io r ,  r e s p e c t i v e l y .  I n  a d d i -  
t i o n ,  a much s m a l l e r  s t r a i n r a n g e  c o n d i t i o n  I s  examined 

( l . e . ,  AEin = 0.0002).  These f i g u r e s  d i s p l a y  t h e  
d i v e r s i t y  i n  p r e d i c t e d  l i v e s  t h a t  r e s u l t s  f r o m  t h e  
v a r i o u s  f a i l u r e  c r i t e r i a .  

RESULTS AND CONCLUOING REMARKS 

The sho r t - range  o b j e c t i v e s  o f  t h i s  s tudy  have been 
ach ieved  by examin ing  s imp le ,  i s o t h e r m a l  f a t i g u e  l i f e -  
p r e d i c t i o n  models and by e x p l o r i n g  t h e  l o g i c a l  i m p l i -  
c a t i o n s  o f  a p p l y i n g  these  models t o  t h e r m a l - c y c l i n g  
c o n d i t i o n s .  S imp le  s e t s  o f  assumpttons were made 
r e g a r d i n g  i s o t h e r m a l ,  c y c l i c  f l o w  and f a i l u r e  b e h a v i o r .  
These were made t o  p e r m i t  e a s i e r  i n t e r p r e t a t i o n  o f  t h e  
thermomechanical-cycling b e h a v i o r .  C y c l i c  l i f e  p r e d i c -  
t i o n s  o f  s e l e c t e d  TMF c y c l e s  were based on t h e  v a r i o u s  
assumed, i s o t h e r m a l  f a t i g u e  r e s i s t a n c e s .  O f  t h e  t h r e e  
bas tc  f a i l u r e  c r i t e r i a  examined, i n e l a s t i c  s t r a i n r a n g e ,  
t o t a l  s t r a i n r a n g e ,  and two v e r s i o n s  o f  t h e  Os te rg ren  
approach, i t  i s  conc luded t h a t  u s i n g  an i n e l a s t i c  
s t r a i n r a n g e  c r i t e r i o n  gave t h e  most reasonab le  . In te r -  
p r e t a t i o n  o f  TMF behav io r .  

b l e  m a t e r i a l  f l o w  and/or f a i l u r e  behav io r  t o  p roduce 
n u m e r i c a l l y  c o r r e c t  TMF l i f e  p r e d i c t i o n s .  The reason 
f o r  t h e i r  poo r  per fo rmance i s  t h a t  t h e  f a i l u r e  c r i t e r i a  
f o r  each i s  composed o f  two c o n t r i b u t i o n s  - one r e l a t e d  
t o  f a i l u r e  ( i n e l a s t i c  s t r a i n )  and t h e  o t h e r  t o  n o n l i n e a r  
c y c l i c - f l o w  behav io r  ( s t r e s s  or e l a s t i c  s t r a i n ) .  A 
s i m i l a r  s e t  o f  conc lus ions  i s  p r o j e c t e d  f o r  t h e  f u t u r e  
when we ana lyze  o t h e r  phenomenological  l i f e - p r e d i c t i o n  
methods t h a t  i n c o r p o r a t e  b o t h  f l o w  and f a i l u r e  charac-  
t e r i s t i c s  i n t o  t h e i r  damage parameters .  

The o t h e r  c r i t e r i a  were shown t o  r e q u i r e  improba- 

Fo r  a paper s t u d y  i t  i s  by f a r  t h e  s i m p l e s t  t o  
assume t h a t  t h e  f a i l u r e  c r i t e r i o n  o f  i n t e r e s t  i s  i n d e -  
pendent o f  t empera tu re  and t ime .  By assuming t h a t  t h e  
t o t a l  s t r a i n r a n g e  versus  l i f e  or t h e  Os te rg ren  param- 
e t e r  versus  l i f e  r e l a t i o n  were c o n s t a n t  w i t h  r e s p e c t  t o  
tempera tu re  (and /o r  t i m e ) .  we had t o  i n f e r  a v e r y  spe- 
c i f i c ,  c y c l i c ,  c o n s t i t u t i v e  r e l a t i o n  and a v e r y  spec i -  
f i c ,  i n e l a s t i c  s t r a i n r a n g e  versus  c y c l i c  l i f e  r e l a t i o n .  
For example, when a r e a l i s t i c ,  c y c l i c  s t r e s s - s t r a i n  
e q u a t i o n  i s  used, t h e  Manson-Co f f i n  e q u a t i o n  must 
n e c e s s a r i l y  show an improvement i n  l o w - c y c l e  f a t i g u e  
r e s i s t a n c e  as tempera tu re  i s  i nc reased  or as s t r a i n  
r a t e  i s  decreased. N e i t h e r  o f  t hese  a r e  commonly 
exper ienced  m a t e r i a l  behav io rs .  Thus, t h e  s i m p l i f y i n g  
assumpt ion  t h a t  t h e  Os te rg ren  c r i t e r i o n  i s  independent  
o f  t empera tu re  i s  n o t  a g e n e r a l l y  v i a b l e  one. 

Procedures f o r  h a n d l i n g  nonconstan t  f a i l u r e  c r i -  
t e r i a  have y e t  t o  be e s t a b l i s h e d .  Assumptions would 
have t o  be made as t o  how t o  I n c r e m e n t a l l y  add damage 
when g o i n g  th rough  each TMF c y c l e .  For  example, t h e  
c y c l e  c o u l d  be d i v i d e d  i n t o  equal  inc rements  o f  i n e l a s -  
t i c  s t r a i n .  Each inc remen t  would have i t s  damage l i n k e d  
t o  t h e  r a t e  o f  damage a t  t h e  tempera tu re  o f  t h a t  i n c r e -  
ment. The l i n e a r  sumnat ion o f  t h e  i nc remen ts  o f  damage 
over  a c y c l e  would be s t r a i g h t f o r w a r d .  W h i l e  t h i s  t y p e  
o f  p rocedure  c o u l d  be a p p l i e d  t o  t h e  i n e l a s t i c  s t r a i n  
c r i t e r i o n ,  i t  i s  u n c l e a r  as t o  how t o  i n c r e m e n t a l l y  sum 
damage due t o  a t o t a l  s t r a i n  c r i t e r i o n  o r  t o  a p r o d u c t  
o f  t h e  peak t e n s i l e  s t r e s s  and p l a s t i c  s t r a i n .  Obv i -  
ous l y ,  f u r t h e r  s tudy  i s  r e q u i r e d .  

assumpt ion  t h a t  no  new d e f o r m a t i o n  o r  f a i l u r e  mecha- 
nisms were i n t r o d u c e d  by the rma l  c y c l i n g .  W h i l e  t h i s  
i s  n o t  p a r t i c u l a r l y  r e a l i s t i c  f o r  many m a t e r i a l s ,  i t  i s  
n o t  an  unreasonab le  one f o r  o t h e r s .  For example, a 
r e l a t i v e l y  pure ,  s ing le -phase  m a t e r i a l  s u b j e c t e d  t o  

A key f e a t u r e  o f  t h e  p r e s e n t  a n a l y t i c  s t u d y  i s  t h e  

6 



f a t i g u e  l o a d i n g  i n  an i n e r t  atmosphere over  a r e l a -  
t i v e l y  narrow,  low- tempera ture  regime c o u l d  r e a d i l y  
f a l l  i n t o  t h i s  ca tegory .  

By r u l i n g  a u t  a d d i t i o n a l  mechanisms due t o  THF, 
one can p o t e n t i a l l y  ach ieve  a THF l i f e  p r e d j c t i o n  based 
s o l e l y  on i s o t h e r m a l  behav io r .  Consequent ly,  one can 
de te rm ine  wh ich  I s o t h e r m a l  l i f e  p r e d i c t i o n  methods can 
meet t h i s  necessary  ( a l t h o u g h  n o t  s u f f i c i e n t )  c o n d l t l o n  
of  v a l i d i t y .  The n e x t  s teps i n  t h e  a n a l y t i c  s tudy  are 
t o  examine more complex c y c l e s  and more r e a l i s t i c  f a i l -  
u r e  behav io r  as a f u n c t i o n  o f  tempera ture  and t ime .  and 
t o  examine a d d i t i o n a l  phenomenological  l i f e - p r e d i c t i o n  
methods. 
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TABLE I. - L I F E  PREDICTIONS 

BASED ON TOTAL STRAIN-  

RANGE APPROACH FOR 

TIME-INDEPENDENT 

BEHAVIOR 

[Ac = 0.0080.1 

t e m p e r a t u r e ,  cycles 

Minimum I A v e r a g e  50: 1 
M a x i m u m  1 0 0 0  

740 
560 
233 



TABLE 11. - LIFE PREDICTIONS BASED ON OSTERGREN 

APPROACH FOR TIME-INDEPENDENT BEHAVIOR 

[Ac in  = 0.005.1 

(a )  Product f o rm ( A ~ ) ( u T )  
- 

I sot  herma 1 P r e d i c t e d  l i f e ,  c y c l e s  
temperature,  

" C  Inphase Out-of-phase 
(AcinuT = 1.06 MPa) 

Minimum 0 1547 400 
Po in t  B 410 791 

(A t inUT = 2.39 MPa) 

--- 
Average 500 
Maximum 1000 

660 169 
106 27 

I sot  herma 1 
temperature,  

O C  

Minimum 0 
Poin t  B 410 
Average 500 
Maximum 1000 

TABLE 111. - LIFE PREDICTIONS 

BASED ON TOTAL STRAINRANGE 

CRITERION FOR T IME-  

DEPENDENT BEHAVIOR 

[Ein = 0.0001/sec; 

Ac = 0,00754.1 

P red ic ted  l i f e ,  Cycles 
I 

Inphase Out-of-phase 
(AWT = 0.807 MPa) (AWT = 1.12 MPa) 

1249 71 7 
644 
533 306 

85 49 

--- 

Iso the rma l  
temperature,  

"C 

Minimum 0 
P o i n t  B 370 
Average 500 
Maximum 1000 

TABLE I V .  - LIFE PREDICTIONS BASED ON 

OSTERGREN APPROACH FOR TIHE- 

P red ic ted  l l f e ,  c y c l e s  

Inphase Out-of-phase 
AtlnUT = 1.00 MPa At jnUT = 2.37 MPa 

1681 400 
874 --- 
625 141 

25 6 

I so the rma l  
temperature,  

O C  

Minimum 0 
Average 500 
Maximum 1000 

8 

Pred ic ted  l i f e ,  
c y c l e s  

91 0 
414 
205 I so the rma l  

temperature,  
O C  

Mjnimum 0 
P o i n t  B 370 
Average 500 
Maximum 1000 

Pred ic ted  l i f e ,  c y c l e s  
. 

Inphase Out-of-phase 
AWT = 0.681 MPa AWT = 1.05 MPa 

1621 794 
842 --- 
602 295 

24 12 



TABLE V .  - THERMOMECHANICAL CYCLE PARAMETERS 

[Temperature, 0 t o  1000 " C . ]  

( a )  AcIn = 0.0002 

Parameter Parameter va lues,  
t i m e  independent ( t i m e  dependent) 

I Inphase 1 Out-of-phase I 
A C  

A E ~ ~ u T ,  MPa 
ANT. MPa 

0.001 7 7  (0.001 77) 0.001 56 (0.001 56) 
.0223 (.0210) .0506 (.0502) 
.0172 (.0145) .0234 ( .0221) 

Parameter 

Inphase Out-of-phase 

2.39 (2.37) 
.807 (0.681) 1.12 (1.05)  

Parameter va lues,  
t i m e  Independent ( t i m e  dependent) 

Iso thermal  
temperature,  

" C  

P r e d i c t e d  l i f e ,  c y c l e s  

Time independent Time dependent 

9 

~ 

Minimum 0 
Average 500 
Max3mum 1000 

~~ 

169 I 149 
400 400 

2500 9920 

Iso thermal  
temperature,  

"C 

Minlmum 0 
Average 500 
Maximum 1000 

P r e d i c t e d  l i f e ,  c y c l e s  

Time independent Time dependent 
Ac = 0.008 Ac = 0.00754 

320 330 
450 484 

1450 5110 
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FIGURE 1.- INELASTIC STRAINRANGE VERSUS CYCLIC 
LIFE RELATION FOR HYPOTHETICAL MATERIAL WITH 
TIME- AND TEMPERATURE-INDEPENDENT BEHAVIOR. 

STRAINRANGE. A& 

FIGURE 2.- CYCLIC STRESS-STRAIN RELATION 
FOR HYPOTHETICAL MATERIAL WITH TIME- 
INDEPENDENT BEHAVIOR. 
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FIGURE 3.- TEMPERATURE DEPENDENCE OF CYCLIC STRESS- 
STRAIN CONSTANTS E AND K ( n  = 0.2). 
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FIGURE 4. - ELASTIC STRAINRANGE VERSUS CYCLIC L I F E  
RELATION FOR HYPOTHETICAL MATERIAL WITH TIME-  

INDEPENDENT BEHAVIOR; AEe1 = A ( N f I a ;  A = KB%. 
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FIGURE 5. -  TEMPERATURE DEPENDENCE OF 
TIME-INDEPENDENT FATIGUE CONSTANTS. 
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FIGURE 6.- TOTAL STRAINRANGE VERSUS CYCLIC  L I F E  
RELATION FOR HYPOTHETICAL MATERIAL WITH T IME-  
INDEPENDENT BEHAVIOR. 
AGE, AND MAXIMUM TEMPERATURES OF TMF CYCLE: 

CURVES FOR MINIMUM, AVER- 

A & =  A ( N ~ ) ~  + B(N& 

STRESS, 
500 MPA 

POINT B: 
410 OC, 212 MPAI -- 

POINT C: 1000 OC. 

A 

 POINT A: o oc, 
0 = 478 MPA 

500 MPA 

FIGURE 7.- TMF HYSTERESIS LOOP. INPHASE, I N E L A S T I C  STRAINRANGE, 
0.005; MAXIMUM TEMPERATURE, 1000 OC: MINIMUM TEMPERATURE, 0 OC: 
i i ,  2 l . o /SEC.  
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FIGURE 8.- ISOTHERMAL FAILURE CRITERION USING 
OSTERGREN'S TIME-INDEPENDENT STRESS-INELASTIC 
STRAINRANGE PRODUCT FORM. 
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FIGURE 9 . -  INELASTIC STRAIN-RATE DEPEND- 
ENCY OF CYCLIC STRESS-STRAIN CURVE 
FOR CONSTANT STRAINRANGE AND TEMPER- 
ATURE. 
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FIGURE 10.- ASSUMED TEMPERATURE DEPENDENCE 
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FIGURE 11.- TIME-DEPENDENT E L A S T I C  STRAINRANGE 
VERSUS C Y C L I C  L I F E  AS FUNCTION OF I N E L A S T I C  
STRAIN RATE. TEMPERATURE, 1000 OC: A & , , =  
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FIGURE 12. - TOTAL STRAINRANGE VERSUS CYCLIC L I F E  
RELATIONS FOR HYPOTHETICAL MATERIAL FOR CONSTANT, 
I N E L A S T I C  STRAIN RATE AND TEMPERATURE, ELASTIC 
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FIGURE 13.- TMF HYSTERESIS LOOP. INPHASE, I N E L A S T I C  STRAINRANGE, 
0.005: MAXIMUM TEMPERATURE, 1000 OC: MINIMUM TEMPERATURE, 0 OC: 

I N E L A S T I C  STRAIN RATE, O.o001/SEC. 
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FIGURE 16.- PREDICTIONS OF TMF CYCLIC L I F E T I M E  BASED ON 
ISOTHERMAL, INELASTIC STRAINRANGE AND TOTAL STRAINRANGE 
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FIGURE 18. - PREDICTIONS OF THERMOMECHANICAL FATIGUE (TMF) 
L I F E  BASED ON ISOTHERMAL FAILURE C R I T E R I O N  OF OSTERGREN 
( h w ~ ) .  PREDICTIONS SHOWN AS FUNCTION OF TEMPERATURE FOR 
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